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Abstract: Disseminated fusariosis is treated with amphotericin B and voriconazole. To determine
adequate therapy, the minimal inhibitory concentration (MIC) is used. However, MIC analysis is
based on visual observation and requires a long period of fungal incubation. The measure of the
minimal profile change concentration (MPCC) using MALDI-TOF MS is a quick spectral method that
has presented good results in determining the antimicrobial resistance of yeasts. However, there is
a lack of information on filamentous fungi. In the present work, 13 Fusarium spp. clinical isolates
and two reference strains were used. MIC was obtained according to the M38-A2 protocol of the
Clinical Laboratory Standards Institute, while MPPC was obtained following the initial steps of the
M38-A2 protocol. Both Biotyper and the Rstudio environment were used to analyze mass spectra.
For some fungal strains, the data obtained from the software MALDI Biotyper Compass 4.1 led to
fuzzy heatmaps resulting in difficult interpretation, while heatmaps obtained using Rstudio tools
generated better MPCC resolutions. Herein, 86.6% of the AMB MPCC values were highly correlated
with the gold-standard AMB MIC. MALDI-TOF MS is a prominent tool used to determine MPCCs
quicker, cost-effectively, and more accurately for Fusarium spp. strains. However, better statistical
analyses could help measure the technique’s limit detection.

Keywords: MPCC; MIC; fungal resistance

1. Introduction

The Fusarium genus is composed of fungal species that are ubiquitously distributed
in soils, and the genus is associated with other fungal species, such as insect symbionts
and plant parasites, which may lead to economic losses in agriculture [1]. In addition,
some species in the Fusarium genus are also identified as opportunistic pathogens in
immunosuppressed patients with fungemia in the clinical context of invasive fusariosis. At
the same time, the infections tend to be local in immunocompetent patients, emphasizing
onychomycosis and keratitis [2,3]. Due to their ability to infect humans, animals, and
plants, Fusarium species are considered trans-kingdom pathogens [4,5].
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From a taxonomic point of view, Fusarium is an enigmatic fungal genus since it is
composed of cryptic species that present high phenotypic and genetic similarities, im-
pairing taxonomic resolution and species identification when using routine culturing and
biochemical assays [1,6]. The resolution of Fusarium species is hard to obtain using tradi-
tional identification methods. In clinical routines, these species are grouped in "species
complexes", a term used to refer to fungal taxa or lineages with closely related taxonomy
and difficulties in species identification [7,8]. About 74 Fusarium species related to human
pathogenicity are reported in the literature [9]. Among them, the most frequent are F. solani,
F. oxysporum, F. fujikuroi, F. dimerum, F. equiseti, and F. chlamydosporum [10–12].

Due to the increase in immunocompromised patients, the cases of fusariosis have also
dramatically increased in recent decades, especially among neutropenic individuals [13–15].
In addition, there is also an increase in antifungal resistance [16–18]. Studies developed
in the last decade show that Fusarium spp. have a high rate of intrinsic resistance to a
wide spectrum of antifungal agents that are often used in the medical field, such as azoles,
echinocandins, and polyenes [3,19–23]. Furthermore, diverse antifungal susceptibility
patterns have been noticed for different species within a single species complex [24–26],
and high mortality rates due to fusariosis have been observed among immunocompromised
patients due to intrinsic resistance to antifungals [9,14,27–31]. Consequently, the World
Health Organization (WHO) has recently listed Fusarium spp. among the highly antifungal-
resistant species. This fungal prioritization list is intended to guide research, development,
and public health actions [32].

To determine the in vitro susceptibility of clinical fungal isolates relative to antifungals,
the broth microdilution methods based on either the M38-A2 or the E.DEF 9.3.2 protocols
are the gold-standard methods. The M38-A2 protocol was launched by the Clinical and Lab-
oratory Standards Institute (CLSI) [33], while the European Committee for Antimicrobial
Susceptibility Testing (EUCAST) recommends the E.DEF 9.3.2 protocol [34].

Both protocol M38-A2 and protocol E.DEF 9.3.2 determine the antifungal minimal in-
hibitory concentrations (MICs) and are considered reproducible for Fusarium spp. However,
no antifungal breakpoint has yet been established for Fusarium spp., as mentioned earlier.
This lack of data is due to the gap in clinical trials and knowledge about the mechanisms
that trigger resistance among Fusarium species [35].

In 2016, Espinel-Ingroff et al. (2016) determined the epidemiological cutoff values
(ECVs) as an alternative to evaluating the susceptibility profile of Fusarium spp. to anti-
fungals. Therefore, ECV aids in the differentiation between wild-type and non-wild-type
strains concerning antifungal susceptibility. Strains with MIC values equal to or above the
ECV are considered non-wild-type strains and are possibly resistant to the treatment [35].

The matrix-assisted laser desorption ionization–time of flight mass spectrometry
(MALDI-TOF-MS) is a cost-effective analytical method for the rapid phenotypic identifica-
tion of fungal species. Recently, Gómez-Velázquez et al. (2021) reviewed the application of
MALDI-TOF MS on filamentous fungi identification in a clinical mycology laboratory [36].
The fungal identification by MALDI-TOF MS is mainly based on ribosomal protein analysis
using minimal sample preparation [37,38].

In addition to ribosomal proteins, other biomarkers (e.g., sugars, carbohydrates, long-
chain polymer chitin, and non-ribosomal peptides) of molecular mass ranging between
2000 and 20,000 Da are also important and considered for fungal identification. The fungal
biomarkers’ mass spectra are generated as a cellular fingerprint. For fungus identification,
only the presence or absence of such peaks (e.g., ribosomal proteins) is considered. In
contrast, peak intensities (ions abundance) are irrelevant for fungal identification [36,37].

The minimum profile change concentration (MPCC) is a fast antifungal susceptibility
mass-spectrometry-based test. For MPCC analysis, the MALDI-TOF-MS technique is
used [39–41]. The MPCC analysis follows the same conditions of the MALDI-TOF MS for
fungal identification; however, instead of a culture medium, the fungal cells are prepared
following the same protocol for MIC analysis [41].
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MPCC is the minimal antifungal concentration at which changes are detected in the
MALDI-TOF MS spectra of a given strain. Thus, the MPCC can detect proteomic changes
in the cell of a given fungus that occur after exposure to antimicrobials and is highly
correlated to the MIC. It can formally be defined, according to De Carolis et al. (2012), as
“a value defined as the lowest drug concentration at which a spectrum is more similar to
the one observed at the maximum concentration than the spectrum observed at the null
concentration” [40].

The MPCC method can exclude subjective readings by visualizing variations in the
protein composition of microorganisms by comparing mass spectra. The MPCC results are
obtained faster than the MIC gold-standard method. The MPCC method has previously
been used in studies that assessed the susceptibility of clinically relevant fungi [39–45].

Marinach et al. (2009) described one of the first preliminary studies using MPCC with
fluconazole against Candida albicans. According to the authors, the method was accurate,
reliable, and fully agreed with the results obtained from the CLSI method. In addition, the
MPCC method has been applied to examine the susceptibility of other Candida species to
different antifungals [41,43,46].

To the best of our knowledge, no study has been conducted thus far on the MPCC
method applied to Fusarium clinical strains and amphotericin B. Thus, the present study
aims to evaluate the feasibility of using MPCC via MALDI-TOF MS as a rapid method to
determine the resistance of Fusarium spp. to amphotericin B as a way of contributing to the
better management and treatment of the infections caused by clinically related Fusarium
spp. strains.

2. Materials and Methods
2.1. Clinical Isolates and Strains

Thirteen Fusarium spp. clinical isolates and two reference strains (ATCC36031
F. oxysporum and ATCC48112 F. keratoplasticum) were used in this study. The clinical
isolates were obtained from different body sites of human patients from different São
Paulo State (Brazil) regions. The fungal dataset comprised Fusarium oxysporum (n = 3),
F. keratoplasticum (n = 5), F. proliferatum (n = 2), F. sacchari (n = 1), F. falciforme (n = 2), F.
petroliphilum (n = 1), and F. delphinoides (n = 1) [47].

2.2. Broth Microdilution Susceptibility Method and the Minimal Inhibitory Concentration

Antifungal susceptibility tests were performed according to the broth microdilution
susceptibility method using the M38-A2 protocol of the Clinical Laboratory Standards
Institute-CLSI [34]. Briefly, fungal isolates were grown on a Potato Dextrose Agar (PDA,
3 g/L potato extract, 20 g/L Glucose, 15 g/L Agar) for conidia production at 28 ◦C for 3 to
5 days.

A suspension of fungal conidia on distilled sterile water was prepared, filtered through a
sterile miracloth filter, and adjusted to a final concentration of 0.4 × 104 to 5 × 104 conidia/mL
using a hemocytometer. Both conidia suspensions of 100 µL and 100 µL of serial AMB dilution
(0.06 to 32 µg/mL) on an RPMI 1640 culture medium buffered with 0.165 M 3-(N-morpholino)
propanesulfonic acid (MOPS), pH 7.0, were transferred into a 96-well microplate, which was
incubated at 35 ± 2 ◦C for 48 h. Both AMB and RPMI 1640 were purchased from Sigma-Aldrich
Chemical Corporation.

Data were recorded by visual observation, and the minimal inhibitory concentration
(MIC) was defined as the lowest concentration of AMB that produces 100% inhibition with
respect to fungal growth. Aspergillus flavus (ATCC204304) was used as quality control for
the M38-A2 protocol assays.

2.3. MALDI-TOF MS Spectra Acquisition

The MPCC is the minimal drug concentration at which the changes in MALDI-TOF
MS spectra are detected. The MPPC analysis was performed following the initial steps
of the M38-A2 protocol. Serial dilutions of AMB in RPMI medium were prepared in a
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96-well microplate. Fungi were inoculated and incubated at 37 ◦C for 15 h, with shaking at
100 rpm according to the methodology previously established by De Carolis et al. (2012)
with modifications [40]. Samples without AMB were used as the control.

For protein extraction, the samples were centrifuged at 13,000 rpm for 2 min, the
supernatant was removed, and 200 µL of sterile water was added. The sample was
vortexed for 1 min and centrifuged for 2 min at 13,000 rpm. Water (100 µL) and ethanol
(300 µL) were added to the resulting mixture. The sample was vortexed for 1 min and
centrifuged once again for 2 min at 13,000 rpm.

An aqueous formic acid solution (70% v/v; 30 µL) was added to the centrifuged
sample, which was vortexed for 1 min and centrifuged at 13,000 rpm for 2 min. The
resulting supernatant was used for spectrum acquisition. Each sample (1 µL) was deposited
in triplicate on a stainless-steel MALDI sample plate.

After drying, 1 µL of alpha-cyano-4-hydroxycinnamic acid matrix solution (CHCA,
Fluka, Buchs, Switzerland) saturated in a solution composed of 30% (v/v) acetonitrile,
69.9% (v/v) H2O, and 0.1% (v/v) trifluoroacetic acid was gently mixed in each sample on a
stainless-steel MALDI sample plate.

Afterward, air-dried mass spectra were acquired using the linear and positive modes
of MALDI-TOF MS Autoflex Speed (Bruker Daltonics, Bremen, Germany), which was
equipped with a smart beam laser source (355 nm) [47] (Figure 1).

Each spectrum was collected as an average of 1200 laser shots with enough energy
to produce good spectra without saturation in the range of m/z from 2000 to 20,000 Da.
Before analysis, the equipment was externally calibrated using protein calibration standard
I (Bruker Daltonics, Bremen, Germany), which contains insulin, ubiquitin, cytochrome C,
and myoglobin.

2.4. Data Analysis and MPCC Determination

MPCC determination was carried out using both MALDI Biotyper Compass 4.1
(Bruker Daltonics, Bremen, Germany) and the Rstudio environment [45]. In this latter
case, dedicated packages were used: MALDIquantForeign for raw spectra importing and
MALDIquant for chemometric analysis. The m/z range of 3000 to 12,000 Da was used.

For MALDI Biotyper, composite correlation index (CCI) matrices were obtained with
the MALDI-TOF MS raw spectra data using Biotyper tools. For Rstudio packages, Pearson
correlation index (PCI) matrices were obtained with the raw spectra data in the Rstudio
environment using dedicated packages MALDIquantForeign for raw spectra importing
and MALDIquant for chemometrics analysis. In this latter case, PCI was calculated using
a feature table generated from the processed raw data of each spectrum using the “cor”
function, a native function for correlation analysis in the R environment.

For MALDI Biotyper Compass 4.1 statistical software, CCIs were translated into a
heatmap using Biotyper tools. For the Rstudio environment package, the heatmaps were
plotted using the ggplo2 R package.

The analysis based on both Biotyper and Rstudio packages using the MALDI-TOF MS
raw spectra data of Fusarium strains incubated with null and serial AMB dilutions (0.06 to
32 µg/mL) resulted in CCI and PCI values, respectively. The results range from 0 to 1, in
which the values near zero indicate a low spectral correlation (blue to green in the Biotyper
heatmap and light orange to yellow in the Pearson heatmap), while values near 1 represent
a high spectral correlation (dark orange to red in Biotyper heatmap and red to dark orange
in Pearson heatmap).

In both Biotyper and Rstudio tools, MPCC values were determined for each strain at
the minimum concentration of AMB in which the result of the correlation index with the
spectrum at the maximum concentration (32 µg/mL AMB) is higher than the result of the
correlation index with the control spectra (0 µg/mL AMB).
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3. Results

For the gold-standard method (M38-A2 protocol), 14 out of 15 Fusarium spp. strains
(93.3% n = 14/15) showed the AMB MICs ranged from 1 to 4 µg/mL. Clinical isolate
LMC7108.01 (F. keratoplasticum; 6.7% n = 1/15) presented an AMB MIC of >32 µg/mL. The
AMB MIC for the quality control strain (Aspergillus flavus ATCC204304) was within the
accepted limits of the M38-A2 protocol.

For MPCC analysis, fungus spectra were analyzed after 15 h of fungal incubation upon
AMB absence (control) and in AMB concentrations ranging from 0.06 to 32 µg/mL. An
AMB MPCC ranging from 1 to 8 µg/mL was observed in 80% (n = 12/15) of Fusarium spp.
Strains. In addition, 6.7% (n = 1/15) of strains presented an AMB MPCC of >32 µg/mL
(LMC7108.01), and 13.3% (n = 2/15) showed an MPCC value of <0.06 µg/mL (LMC7178.01
and LMC7163.01) (Table 1).

Table 1. Amphotericin B minimal inhibitory concentration (MIC and CLSI broth microdilution) and
minimal profile change concentration (MPCC: Biotyper and Rstudio) against Fusarium spp. strains.

Species Complex Species Strain MIC (µg/mL) MPCC (µg/mL)

FOSC
F. oxysporum

ATCC48112 2 4
LMC7137.01 2 4
LMC7170.01 2 2

FSSC F. keratoplasticum ATCC36031 2 4
LMC7108.01 >32 * >32 *
LMC7113.02 2 1
LMC7163.01 1 <0.06
LMC7205.01 4 2

F. falciforme LMC7178.01 2 <0.06
LMC7193.01 2 8

F. petroliphilum LMC7162.02 2 4

FFSC F. proliferatum LMC7138.01 2 1
LMC21300.01 2 4

F. sacchari LMC21303.01 2 2

FDSC F. delphinoides LMC7215.01 1 4

FSSC, F. solani species complex; FOSC, F. oxysporum species complex; FFSC, F. fujikuroi species complex; FDSC,
F. dimerum species complex; * MIC above the epidemiological cutoff value (ECV) comprising ≥97.5% of the
statistically modelled population [35].

The MPCC interpretation was based on the similarity of the spectra (correlation index
near 1.000) between the maximum AMB concentration (32 µg/mL) and the control (fungus
without AMB) or other AMB concentrations (0.06 to 16 µg/mL). Thus, the minimal AMB
concentration in which the spectrum was similar to the maximum concentration determines
the AMB MPCC. In high MPCC concentration, in the case of >32 µg/mL AMB, the heatmap
and correlation indexes show a tendency of values to be near 1.000 relative to all conditions,
including the control (null) and >32 µg/mL AMB (maximum) (Figure 2). On the other
hand, in low MPCC concentrations (<0.06 µg/mL) and/or undefined MPCC, the heatmap
and correlation indexes show a tendency of values to be near 1.000 relative to all conditions,
except for the control (null), which presented a low to zero correlation index with the
maximum condition (Figure 3).
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(B) Biotyper (near zero: blue to green; near 1: dark orange to red) and (C) Pearson heatmaps (near
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The MPCC and MIC values were in agreement or exhibited a 1-fold or 2-fold dilution
difference for 86.7% (n = 13/15) of Fusarium strains (Table 1). The differing AMB MIC and
MPCC values occurred for LMC7178.01 and LMC7163.01, representing 13.3% (n = 2/15) of
the strains. It is worth noting that, even with up to a 2-fold dilution difference between
AMB MPCC and MIC results, all but one strain showed a wild-type profile for AMB. These
values follow the epidemiological cutoff values (ECVs) for Fusarium spp. [35].

Figure 4A–C show an example of MALDI-TOF MS spectra, Biotyper heatmap/CCI
matrix, and Pearson heatmap/PCI matrix for the LMC7170.01 (F. oxysporum) strain.

Overall, the MALDI-TOF MS spectra were recorded in the range from 2000 to 20,000 Da,
where the main biomarkers used for fungus identification appear. Regarding the spectral
data for LMC7170.01 F. oxysporum, no spectral change is observed from the control (AMB
free) to the 0.12 µg/mL AMB spectrum. A light change in the peak intensity of ions is
observed from 0.12 to 0.25 µg/mL AMB, where peaks become higher regarding their in-
tensities. Finally, a breakpoint is observed at 2 µg/mL AMB, where at this concentration,
changes are clearly observed in the mass spectra (Figure 4A). Despite the observed differ-
ence that determines the AMB MPCC for LMC7170.01, MALDI-TOF MS spectra were not
entirely easy to interpret using simple spectra visualization.

In the LMC7170.01 sampling, three different spectral patterns (zero to 0.12, 0.25 to 1,
and 2 to 32 µg/mL of AMB) were observed, which presented differences in the abundance
of some ion peaks (Figure 4A). The difficulty in the protein’s spectral data interpretation is
possibly due to the concentration-dependent fungistatic and fungicidal effect of AMB.
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Figure 4. (A) MALDI–TOF MS spectra for the MPCC determination of LMC7170.01 F. oxysporum;
(B) Biotyper (near zero: blue to green; near 1: dark orange to red); and (C) Pearson heatmaps (near
zero: yellow to light orange; near 1: dark orange to red). Tables: Biotyper CCI and Pearson PCI. CCI,
composite correlation index; PCI, Pearson correlation index. Red rectangle, AMB MPCC.

The results observed in the LMC7170.01 heatmaps generated by both Biotyper and
Rstudio tools agreed with the visual difference observed in LMC7170.01 spectral data
(Figure 4B,C). Similar results were observed for the other strains independent of MIC values
(Figures 2 and 3). However, although Biotyper heatmaps were often easy to interpret, some
were difficult to interpret. Thus, additional analysis was required, and Pearson’s statistical
analysis was adopted to analyze all data. The MPCC values established by the Pearson
heatmap presented better resolutions for all cases. In addition, breakpoints in CCI and
PCI matrices helped establish the MPCC values for both Biotyper and Pearson analyses
(Figure 4).

The correlation of AMB MPCC and MIC values for 15 strains was examined (Table 1
and Figure 4). A significant linear regression correlation (p < 0.00000012) and a regression
coefficient of 0.96 pointed out a linear association between AMB MPCC and MIC (Figure 5).
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4. Discussion

An addressed fungal resistance concern is the intrinsic resistance of Fusarium spp.
relative to a broad spectrum of antifungals that are routinely used in the medical field,
such as azoles, echinocandins, and polyenes [3,19,21–23,46]. Therefore, the antifungal
susceptibility test (AFST) is mandatory in order to understand fungal susceptibility and to
improve patient management and treatment.

Broth microdilution methods are the gold-standard protocol for detecting antifungal
susceptibility. However, these methods are time-consuming and based on visual determi-
nation, which can result in inaccurate information. Innovative methods are currently under
development to improve AFST. The MPCC performed by MALDI-TOF MS is considered a
promising, reproducible, low-cost, and fast technique that is capable of providing reliable
results as it can reduce the analysis times compared to the gold-standard methods used in
the routine [48,49].

Different studies describe the application of the MPCC method and its correlation
with conventional MIC values for Candida spp. [39–41,43,46]. Recently, an MPCC protocol
was described to determine the antifungal susceptibility of Aspergillus fumigatus strains to
azoles [48]. These studies have previously been assessed to establish an MPCC method for
echinocandins [40,41,44] and triazoles [39,42–45].

Here, we aimed to establish a MALDI-TOF-MS (MPCC) protocol to determine the
antifungal susceptibility of Fusarium spp. strains to AMB. Additionally, we correlated it
with the MICs obtained using the gold-standard CLSI method. The findings presented
herein showed that 86.6% (n = 13/15) of the AMB MPCC values were highly correlated
with the gold-standard AMB MIC. These results agree with previous results for Aspergillus
fumigatus, in which the correlations of MIC and MPCC values were 88.2% and 82.3% for
voriconazole and itraconazole, respectively [49].

For Candida tropicalis, fluconazole MPCCs were equivalent or one-fold dilution dif-
ferent than the respective fluconazole MIC [45]. In addition, previous studies carried
out using the strains of the Candida parapsilosis species complex submitted to antifungals
micafungin, caspofungin, and anidulafungin reported high concordance with respect to
CLSI and MALDI-TOF MS methods [41].
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Marinach et al. (2009) showed a maximum acceptable difference of 2-fold dilutions
in the correlation between MPCC and MIC values [39]. In the present study, MIC and
MPCC values presented comparable AMB concentration ranges and a linear association.
Herein, it was possible to directly infer the susceptibility to AMB in terms of MPCC profiles.
However, not all heatmaps showed clear results (Figures 2 and 3).

The heatmaps for two clinical isolates (LMC7108.01 and LMC7178.01) were difficult
to interpret (Figures 2 and 3). AMB has a fungistatic effect in a concentration-dependent
manner, and the fungi can undergo several changes in their protein composition [50].
For some fungal strains, it can generate fuzzy heatmaps that are difficult to interpret.
The heatmap obtained using Rstudio tools generated better resolutions relative to MPCC
visualization than the data delivered by the MALDI Biotyper Compass 4.1 (Figures 2 and 3).

Herein, we show MALDI-TOF mass spectrometry (MPCC) as a prominent tool to
determine the AFST of Fusarium spp. strains. It is a faster, cost-effective, and more accurate
method compared to the gold-standard method (MIC). However, the statistical package
used in MALDI Biotyper Compass 4.1needs to be improved to generate a better image
resolution of the heatmaps used in tests involving AMB and the Fusarium species related to
this work.

In addition, further analyses with more strains of Fusarium spp. isolated from different
sources and geographic regions could help measure the technique’s limit detection. The
great sensitivity of MALDI-TOF MS as an adequate statistical tool could detect minor
proteomics changes that can clearly delimit the cutoff for MPCC estimations.

5. Conclusions

The minimal profile change concentration (MPCC) is a novel proposal for replacing
the labor-intensive minimal inhibitory concentration (MIC) methodology for the rapid AFST
screening of clinical fungi strains. MPCC aids the proper stewardship of antifungals rationally.
In addition, it correlates well with MICs, justifying its application in routine testing.

Here is the first study in light of AMB MPCC for Fusarium spp. clinical strains. MALDI
Biotyper Compass 4.1 data generated fuzzy heatmaps with difficult interpretation for
some fungal strains. The heatmaps obtained using Rstudio tools (023.03.0-daily+82.pro2)
generated better MPCC resolutions once the programming-based analysis overcame the
Blackbox problem observed in commercial software using custom analysis designs.

Most Fusarium spp. Clinical strains (86.6%) showed AMB MPCC values that are highly
correlated with the gold-standard AMB MIC. Thus, MALDI-TOF MS is a prominent tool for
determining MPCCs faster, cost-effectively, and more accurately with respect to Fusarium spp.
strains. However, future studies must delimitate the sensibility of the method and the external
factors related to antifungal properties (fungicide or fungistatic effects); sample preparation;
inoculum concentration; experimental design variations; and even post-analytic procedures,
such as bioinformatics approaches for raw data processing and statistical analysis choice, which
taken together influence MPCC determination and visualization.
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